The influence of nitrogen excess on the optical response of N-rich Cu 3 N films is reported. The optical spectra measured in the wavelength range from 0.30 to 20.00 µm have been correlated with the elemental film composition which can be adjusted in the nitrogen atomic percentage (at%) range from 27 ± 2 up to 33 ± 2. The absorption spectra for the N-rich films are consistent with direct optical transitions corresponding to the stoichiometric semiconductor Cu 3 N plus a free-carrier contribution that can be tuned in accordance with the N-excess. The data are consistent with the incorporation of the excess N in the lattice as an electron acceptor that generates free holes.
Introduction
Cu 3 N has been suggested as an interesting material for a number of nano-electronic and nano-photonic devices, such as spin tunnel junctions [1] and high density optical storage media [2, 3] . Different methods have been applied to grow films with reasonable quality: molecular beam epitaxy [4] , atomic layer deposition [5] , pulsed laser deposition [6] , dc triode sputtering [7] and, mostly, RF magnetron sputtering [8] [9] [10] [11] . Cu 3 N films present a cubic anti-ReO 3 type crystal structure [12] , which is quite suited for the incorporation of other elements such as Pd in the body-centre position of the cubic unit cell, and form ternary compounds [13, 14] .
As for other metal nitrides [15] [16] [17] , the chemical composition of the films which varies from Cu-to N-rich, notably depends on the deposition conditions and can be tuned by changing them. Technological implementation of Cu 3 N-based devices requires reproducible physical properties and therefore samples with a well-defined stoichiometry. Unfortunately, up to now, in most works the stoichiometry has been poorly characterized, being mainly deduced from XRD data (changes in the lattice parameter) or even not measured. This is probably due to the difficulty in performing a reliable stoichiometry characterization in these kinds of compounds because of their metastability and low decomposition temperature. This lack of knowledge of the real stoichiometry of the films has led to large discrepancies in the reported values for many relevant physical properties. This is, indeed, a relevant drawback for industrial implementation of the material.
As an example, the reported electrical conductivity ranges from above 10 3 −1 cm −1 (quasi-metallic behaviour [4] [5] [6] [7] [8] [9] [10] ) to 10 −3 −1 cm −1 (semiconducting behaviour [18] [19] [20] [21] [22] ). On the other hand, although most optical absorption data indicate that the material is semiconducting with a forbidden gap around or above 1 eV, the reported values spread over a wide range (0.9-1.9 eV ) [23] [24] [25] .
Contactless optical techniques have been demonstrated to be a powerful method to know about the electronic structure of the valence and conduction bands as well as on defect and impurity levels in epilayers or multilayer semiconducting systems. The use of those techniques for nitrides characterization allows overcoming the well known difficulties for fabricating low resistance ohmic contacts on these kinds of materials [26] [27] [28] . Moreover, most of the methods employed for the fabrication of suitable contacts involve annealing steps, which are critical in the particular case of metastable nitrides since they thermally decompose at relatively low temperatures [29, 30] . The information provided by contactless optical methods is in a way comparable to that derived from UV and x-ray photoemission spectra [4] . The wavelength restriction in the optical studies performed so far in Cu 3 N layers, has hindered up to now the achievement of reliable conclusions.
This work focuses on the study of the optical properties of copper nitride films with atomic percentages of nitrogen ranging from 27 ± 2 to 33 ± 2 as determined by the ion beam analysis (IBA) techniques. They offer a unique tool to determine the film composition and, for RBS, provide an absolute calibration. Optical measurements have been now performed in a wider wavelength range (from 0.30 to 20.00 µm) than that reported in previous work [25] . The optical data are consistent with direct band-to-band transitions together with a free-carrier contribution, not detected so far, that clearly increases with nitrogen contents. The data are discussed in terms of the formation of electron acceptor centres associated to interstitial nitrogen excess.
Experimental
Copper nitride thin films of ∼80 nm thickness with an atomic nitrogen concentration ranging from 27 to 33 at% were deposited by dc triode sputtering from a commercial copper target on Si (1 0 0) single crystals in the presence of an Ar + N atmosphere at a cathode voltage (dc bias) of −0.5 kV. This cathode voltage value has been demonstrated to allow a large range of nitrogen contents in the films and to achieve more crystalline samples than those deposited at higher cathode voltage. For more information see [7] . The total gas pressure (P Ar + P N 2 ) and the target-substrate distance were kept constant at 8 × 10 −3 mbar and 8 cm, respectively, whereas the nitrogen partial pressure was varied from 20% to 100%.
The film thickness has been measured by profilometry and further corroborated by ellipsometry. For profilometry measurements, films were partially covered with a mask during deposition.
IBA techniques, in particular Rutherford and nonRutherford backscattering spectroscopy (RBS, non-RBS) in combination with nuclear reaction analysis (NRA), were used to determine the elemental composition of the films. The RBS and non-RBS measurements were performed at the Centre of Microanalysis of Materials (CMAM/UAM) [31, 32] . Special care was taken to ensure that the chemical composition of the samples was not affected by the analysis conditions. Four IBA spectra were sequentially measured in the same spot and under the same conditions and at a fluence higher than the one used for the standard analysis in order to assure that the elemental chemical composition of the samples does not change neither by He + nor by D + irradiation. The beam current densities were kept very low to avoid any significant heating of the samples.
A more complete picture about deposition conditions and nitrogen contents determination can be found in [7, 34] . The structural characterization was done ex situ by x-ray diffraction (XRD) using a Philips X'Pert four cycle diffractometer with a Cu K α radiation source in the BraggBrentano geometry.
The optical characterization of the films was carried out in two different set-ups for the visible and infrared ranges. • and 70
• for the complex refractive index determination, whereas for the range 1.40-20.00 µm a Fourier transform IR spectrophotometer (FT-IR Bruker IFS60v) was used. All optical measurements in this work were carried out at room temperature.
Results
The chemical and physical properties of six copper nitride thin films were characterized. The atomic percentage of nitrogen (N at%) in the samples was determined by the combination of RBS, non-RBS and NRA techniques to be 27 ± 2 (one sample), 30 ± 2 (two samples) and 33 ± 2 (three samples). A brief description of the deposition conditions and of the characteristic of the films is given in table 1.
According to the XRD data all samples are polycrystalline and preferentially oriented along the (1 0 0) crystallographic axes [7] .
As shown in table 1, small variations in the lattice parameter, of the order of 1%, are observed for films with diverse stoichiometry deposited at different P Ar /P N 2 ratios. These results contrast somehow with those previously published by Hou [36] who theoretically predicts a clear dependence of the lattice parameter on stoichiometry and nitrogen location within the films. Nevertheless, the calculations by Hou cannot be directly compared with our experimental XRD data since the experimental lattice parameter for films sputtered under different conditions is indeed determined by a convolution of two diverse effects: (i) the nitrogen contents and its location within the film and (ii) the known changes in the stress state of the sputtered films due to the differences in the deposition parameters [37, 38] .
The spectroscopic ellipsometry (SE) parameters and , measured in the 0.30-1.80 µm range at an incidence angle of Simulated SE considering a Drude component, WD (dash black line), and without considering it, WOD (black line), are also displayed for these two layers. For clarity, the spectra are only depicted at an angle of incidence of 65
• . 
65
• are shown in figures 1(a) and (b), respectively, for films having a nitrogen contents of 27 ± 2 at% (referred from now on as stoichiometric Cu 3 N) and 33 ± 2 at% (referred as N-rich Cu 3 N). Other films with intermediate nitrogen contents have also been investigated but they are not included in the figure for clarity sake. The data have been analysed within a three-layer model consisting of air (layer 1), the Cu 3 N film with thickness d (layer 2) and the high reflectivity Si substrate (layer 3). As illustrated in figure 1 the two SE spectra can be well fitted, in the high-energy region (>1.3 eV), by assuming three Gaussian bands. However, to achieve a good fit for the low-energy part (below ∼1.3 eV) in the case of N-rich layers it is necessary to add a Drude (free-carrier) component [39] , described by the following expression:
where ω p is the plasma frequency, ω p = (N e 2 /ε 0 m * ) 1/2 , γ the dissipation factor in the free-carrier dynamics, N the density of free carriers and m * the effective carrier mass. The values obtained for these parameters from the fitting to the SE spectra are listed in table 2 for three representative compositions investigated in this work. Each set of parameters represents an average over the number of samples indicated in the table. From these data it is observed that the plasma frequency increases with the nitrogen contents. The carrier density N , given as an illustrative value, has been determined assuming that m * is equal to the free electron mass.
The dispersion curves for the refractive index (n) and extinction coefficients (κ) derived from the fits in figure 1 are shown in figures 2(a) and in (b), respectively. The absorption coefficient, α = 2kω/c, represented in figure 3 , reaches high values (∼10 5 cm −1 ) in the visible range in accordance with the direct optical transitions between the valence and conduction bands. Moreover, it shows two main components peaked at around 2 and 4 eV in reasonable agreement with the UV photoemission measurements and closely related to the density of states for the valence band [4] . A closer view reveals that an increasing absorption develops for photon energies below 1 eV for the N-rich Cu 3 N films in accordance with the presence of a free-carrier (Drude) contribution. This contribution clearly influences the determination of the direct energy gap, E G , of the semiconductor within the parabolic approximation,
1/2 , and should be removed to perform a reliable extrapolation to the E G value. As illustrated in the inset of figure 3 , the value of the gap obtained by extrapolation to α = 0 in an α 2 versus hν plot is quite sensitive to the presence of a Drude contribution. It clearly increases from 1.07 eV for the stoichiometric sample to 1.25 eV for the N-rich one in accordance with the hole-filling effect in the valence band [39] . This correction is relevant and, to our knowledge, it has not been considered in previous determinations of E G for copper nitrides.
In order to more clearly reveal the Drude component, Fourier transform infrared spectroscopy (FTIR) was used to measure the reflectance spectra in the range from 1.40 to 20.00 µm. FTIR data are shown in figure 4 for the samples with the extreme N contents used in this study. The main observed effect is an overall rise in the reflectance and a more pronounced increase at the lower photon energies for the N-rich sample. To quantitatively analyse the spectral dependence we have used, again, the three-layer model that leads to the following expression for the reflectance (R):
where r 12 and r 23 correspond to the complex amplitude reflectivities for the 1-2, and 2-3 interfaces,respectively. The phase change for every return light path in the film is δ = 4πdn 2 cos θ 2 /λ, θ 2 corresponding to the inclination of the wavevector with respect to the normal to the Cu 3 N film (medium 2). The calculated spectral reflectances, either including (WD) or not (WOD) the Drude contribution, are respectively shown in figure 4 . Calculations assume wavelength-independent refractive indices for the semiconductor contribution to the film as well as, for the silicon substrate. The outcome indicates a good agreement between the calculated and the experimental spectra. From these results, it is clear that the Drude contribution explains the main trends observed from the experimental data.
Discussion
The stoichiometric sample behaves as an intrinsic semiconductor, whereas a strong free carrier contribution is observed for non-stoichiometric films. In principle, from the IBA measurements it cannot be distinguished whether the deviations from the Cu 3 N stoichiometry are due to the presence of extra nitrogen (nitrogen interstitials) or to a deficit of copper (copper vacancies) in the samples. However, from previous experiments on similar metal nitrides it is known that nitrogen incorporates into the compounds as interstitials [15] . Moreover, taking into account that the copper sublattice is more stable than that for nitrogen as suggested by the thermal and radiation-induced decomposition of the material experiments [2, 3, 10] and the information gathered in this paper we may consider that the free carriers are, indeed, holes. As a reasonable scheme we, here, propose that a substantial fraction of nitrogen atoms (possibly as N 0 ) has incorporated at some interstitial sites in the open structure and act as electron acceptor centres. The body-centre position of the cubic unit cell is the natural candidate since it has been shown that a number of impurity ions, such as Pd, can occupy this position [13, 14] . Moreover, the good agreement of the optical data with the Drude model permits to rule out other possible mechanisms for the observed spectra (indirect intrinsic transitions or transitions to or from intermediate defect levels in the band gap).
The presence of a free-hole concentration at the top of the valence band should also have relevant implications on the analysis of the optical spectra. In particular, it should lower the Fermi level and induce a corresponding increase in the energy of the lowest allowed direct transition. This effect that implies an apparent increase in the energy gap of the semiconductor is, indeed, observed in our data (see table 2 ).
Anyhow, one cannot rule out that the interstitial lattice position of the excess nitrogen may compete with its trapping at extended defects like grain boundaries. The investigation of the nitrogen location in the Cu 3 N films is a relevant topic that should be further pursued.
It is worthwhile to mention here that our results contrast somehow with those reported by Yue et al [12, 40] using Hall measurements, suggesting that the Cu 3 N shows an n-type semiconductor behaviour. In our opinion the divergences found in the behaviour of the material should be explained in terms of difference in film stoichiometry. Indeed, in Yue's publications the elemental composition of the films was not determined; instead it has been deduced from the XRD data in combination with the growth parameters (changes in the nitrogen flow rate). However, a previous publication [7] demonstrates that the relation between nitrogen incorporation into the films and growth parameters is not linear at all.
Summary and conclusions
In summary, the optical properties of polycrystalline N-rich Cu 3 N films are consistent with the behaviour expected for an intrinsic semiconductor (corresponding to the stoichiometric Cu 3 N) together with a variable free-carrier contribution that is correlated with the nitrogen excess. This contribution becomes observable for wavelengths above around 1 µm and is responsible for an increase in the measured direct optical gap as well as for some reflectivity changes in the IR. The Drude contribution suggests that the nitrogen excess is incorporated in the lattice as an electron acceptor centre. Therefore, we have shown that stoichiometry plays a significant role in the optical response of the material and offers a way to tune the gap of the semiconductor, which may be attractive for the electronicdevice industry.
